During respiration in mitochondria, NADH is oxidized and electrons are passed through a series of membranebound oxidoreductase complexes to oxygen. These enzymes combine electron transfer reactions to the vectoral translocation of protons across the inner mitochondrial membrane, thereby generating a proton motive force which can be used for ATP synthesis or other energy-requiring processes (55) . The first major enzyme complex (complex I) in this chain is NADH:ubiquinone oxidoreductase (EC 1.6.99.3, also referred to as NADH dehydrogenase; for recent reviews, see references 16, 53, and 55) . This mitochondrial enzyme comprises more than 40 subunits, and recently the primary structures of all known components of the bovine complex have been determined (2, 4, 5, 16, 53, 54) . Although some of these subunits are encoded in the mitochondrial genome, the majority of them are encoded in the nucleus and must be imported into the mitochondria and assembled in the inner membrane (16, 53, 55) .
A surprising finding from analyses of the complete nucleotide sequences of the chloroplast genomes of liverwort (40) , tobacco (48) , and rice (23) is that these genomes contain 11 genes with sequence similarity to components of the mitochondrial NADH dehydrogenase. Although it is known that these genes are transcribed (29) , the protein products of the chloroplast ndh genes and the putative NADH dehydrogenase which they would form have not yet been identified. Sporadic reports concerning the occurrence of a respiratory chain in the chloroplasts of algae and higher plants have appeared (7, 21, 31, 41) ; however, the role of such an electron transport chain in chloroplast function is not well understood at present.
Several procaryotes have been shown to possess two types of NADH dehydrogenases, only one of which is coupled to proton translocation (60) . The dehydrogenase has an activity that is coupled to proton translocation, contains noncovalently bound flavin mononucleotide and multiple iron-sulfur centers as prosthetic groups, and consists of 10 or more subunits. Complexes of this type, which share biochemical characteristics with the NADH dehydrogenases of mitochondria, have been isolated from Escherichia coli (30) , Paracoccus denitnficans (57, 59) , and Thermus thennophilus (61) . Very recently, Xu and coworkers (58) have isolated and sequenced the genes, including the equivalent of ndhF (designated nqo12), for the type 1 NADH dehydrogenase in P. denitnficans. The second type of NADH dehydrogenase apparently acts as a simple oxidoreductase, uses flavin adenine dinucleotide as its sole cofactor, and usually consists of a single polypeptide of 44 to 65 kDa. Examples of such enzymes have been isolated from a variety of bacteria, including E. coli (63) , Bacillus sp. strain YN-1 (24, 56) , and T. thermophilus (61) .
Cyanobacteria have also been reported to contain two forms of NAD(P)H dehydrogenase, and one of these has recently been shown to be a multisubunit complex which is similar to the mitochondrial complex I enzyme (8) and the type 1 enzyme in P. denitrificans (58) . The genes encoding several subunits of this complex have recently been cloned and sequenced (3, 15, 38, 39, 49, 50, 52) . The NdhJ and NdhK subunits of the NADH dehydrogenase complex were shown to occur on both the thylakoid and the cytoplasmic membranes of Synechocystis sp. strain PCC 6803 (8) . This result is consistent with earlier observations that suggested that respiratory electron transport chains occurred on both under conditions which favor cyclic electron flow (1, 38, 39, 45, 46) .
During nucleotide sequence analysis of the petH gene of Synechococcus sp. strain PCC 7002, the chance detection of an open reading frame that has strong sequence similarity to the chloroplast-and mitochondrion-encoded ndhF genes of eucaryotes provided an opportunity to study the role of the NADH dehydrogenase in electron transport processes in an oxygen-evolving, photosynthetic organism which is amenable to genetic manipulation. In this report, we present the characterization of the ndhF gene of this unicellular marine cyanobacterium. Interposon mutagenesis has been employed to create a strain harboring an ndhF null mutation. Initial phenotypic characterization of this mutant strain is presented, and the role of the NADH dehydrogenase in electron transport is discussed.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The PR6000 strain of the unicellular marine cyanobacterium Synechococcus sp. strain PCC 7002 (formerly Agmenellum quadruplicatum PR-6) was maintained in liquid culture and on 1.5% agar plates in medium A containing 1 mg of sodium nitrate ml-1 as previously described (51 (62) . E. coli strains were grown on Luria-Bertani medium; when appropriate, the medium was supplemented with ampicillin (100 ,ug ml-') or kanamycin (100 tg ml-').
DNA and RNA isolation, DNA sequence analysis, and primer extension analysis. Large-scale plasmid isolations from E. coli were performed by the alkaline extraction method of Birnboim and Doly (9); the resultant crude plasmid DNAs were purified by CsCl-ethidium bromide equilibrium density gradient ultracentrifugation as described in reference 43. Small-scale plasmid isolations were performed by using the rapid-boiling procedure of Holmes and Quigley (26) . Large-scale isolation of Synechococcus sp. strain PCC 7002 chromosomal DNA was performed as previously described (13) ; small-scale isolations of chromosomal DNAs from 10-ml liquid cultures were performed as described by Murphy et al. (35) . Total cellular RNA from Synechococcus sp. strain PCC 7002 was isolated as described in reference 20.
DNA sequence analysis was performed by the chaintermination method (44) on base-denatured templates (22 The 5' endpoint of the ndhF transcript was mapped by using the primer extension protocol described in reference 6, except that 100 pug of total cellular RNA was used in the extension reaction. The primer extension product was electrophoresed on a standard DNA sequencing gel alongside the appropriate reference DNA sequence ladders.
Cloning, transformation, and hybridization procedures. Restriction endonucleases were obtained from New England Biolabs (Beverly, Mass.), Boehringer Mannheim Biochemicals (Indianapolis, Ind.), and Bethesda Research Laboratories and used according to the manufacturers' recommendations. DNA fragments were isolated after electrophoresis on agarose gels prepared with Tris-acetate buffer [40 mM Tris-N(hydroxymethyl)-aminomethane, 20 mM acetic acid, 1 mM EDTA; pH 8.0]. DNA fragments of interest were excised from the gel, and the DNA was purified by using Geneclean (Bio 101, La Jolla, Calif.) according to the instructions of the manufacturer. DNA ligations and subsequent transformations of E. coli DH5a were performed according to the recommendations of Bethesda Research Laboratories. Transformations of Synechococcus sp. strain PCC 7002 PR6000 were performed as previously described (11) .
Southern hybridizations were performed as described by Bryant and Tandeau de Marsac (10) . The labeling of DNA probe fragments with [a-32P]dATP (New England Nuclear, Boston, Mass.) by the random priming method (17) was performed as recommended by Boehringer Mannheim Biochemicals. For Northern (RNA) blot hybridization experiments, RNA was fractionated on formaldehyde-containing agarose gels (12) and transferred to Hybond-N nylon membranes (Amersham, Arlington Heights, Ill.) as described in reference 14.
Oxygen evolution and oxygen uptake measurements. Chlorophyll concentrations were measured by extraction in 80% aqueous acetone (28) . Oxygen evolution from whole cells was measured with a Clark-type electrode at a chlorophyll concentration of 4 pug ml-l. The temperature of the electrode chamber was maintained at 370C with a circulating water bath, and the chamber contents were continuously stirred. Saturating light (1,500 ,uE m-2 s-') was provided by a tungsten-halogen source (Sylvania) filtered through a 500-nm cut-on filter (Corion, Holliston, Mass.). Oxygen uptake by whole cells was similarly measured in complete darkness.
Thylakoid membranes were isolated from cells in the late exponential phase of growth. Cells were harvested by centrifugation at 8,000 x g at room temperature for 10 min, and cell pellets were washed once with buffer H (40 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid], pH 8.0; 10 mM NaCl; 0.4 M sucrose). The pellets were resuspended in buffer H at a chlorophyll concentration of 0.4 mg ml-1, and cells were disrupted by passage through a French pressure cell operated at 20,000 lb/in2 at 40C. Unbroken cells and large debris were removed by centrifugation of the extracts at 3,000 x g for 5 min at 40C. The supernatant was centrifuged at 50,000 x g for 45 min at 40C, and the pelleted membranes were resuspended in buffer H at a chlorophyll concentration of 1.0 mg ml-1. Concentrations of P700 and cytochrome b559 in the thylakoids were used to estimate the amounts of PS I and PS II in whole cells. The light-induced P700 absorption change was measured with a dual-wavelength spectrophotometer (model DW2a; SLM-Aminco, Ur- (40, 48) . To complete the sequence of the ndhF gene, the 3' portion of the gene was cloned on a 2.640-kbp EcoRI-BamHI fragment isolated from a pHC79 cosmid library of EcoRI partial-digestion products by using the overlapping 340-bp HindIII-BamHI fragment isolated from plasmid pWS1 as the probe. Figure 1 shows the physical map of the 6.761-kbp EcoRI fragment with the positions of the ndhF and petH genes indicated.
The nucleotide sequence of this EcoRI fragment has been completely determined on both strands by using the strategy depicted in Fig. 1 (the cloning and characterization of the petH gene and the region downstream from it have been previously described [47] ). Figure 2 shows a 4.592-kbp portion of the determined nucleotide sequence and presents the deduced amino acid sequence of the NdhF protein as well as that of a small portion of the PetH gene product for orientation purposes. The ndhF gene encompasses nucleotides 733 to 2727 shown in Fig. 2 , predicting a protein of 664 amino acids with a calculated mass of 72,922 Da and an isoelectric point of 5.3. The putative ribosome binding sites 5' AAGAA 3' and 5' AGG 3' are found 15 and 8 nucleotides, respectively, upstream from the putative ndhF start codon.
An imperfect inverted repeat, which has the potential to form a stable stem-loop structure and which could play a role in transcription termination or mRNA stabilization (or both), is found from nucleotides 2747 to 2799 (indicated by single underlining in Fig. 2) . Several potential open reading frames were detected in the sequence downstream from the ndhF gene, and the largest of these is indicated in Fig. 1 . However, data base searches did not reveal sequences with significant homology to any of these downstream sequences. Figure 3 shows a comparison of the deduced amino acid sequences of the NdhF proteins of Synechococcus sp. strain PCC 7002 (this work), Marchantia polymorpha chloroplasts (liverwort [40] ), Nicotiana tabacum chloroplasts (tobacco [48] ), P. denitrificans (58) , Neurospora crassa mitochondria (37) , and bovine mitochondria (2) . The NdhF proteins from these sources are quite variable in length; the bovine mitochondrial protein is the smallest (606 amino acids), and the N. crassa protein is the largest (715 amino acids). The cyanobacterial protein falls roughly in the middle of these two extremes (664 amino acids). The cyanobacterial NdhF protein is most similar to those of the two chloroplasts (47 to 49% identity) and is much more distantly related to those of P. denitrificans (39% identity) and the two mitochondria (33 to 34% identity). As shown in Fig. 3 , the predicted sequences of all these proteins are most similar in a region extending from approximately amino acid 100 to amino acid 490; within this region, the cyanobacterial and chloroplast sequences are about 70% identical in amino acid sequence. Much more limited sequence similarity occurs in the N-terminal (amino acids 1 to 100; about 33% identity) and C-terminal (amino acids 475 to end; about 25% identity) regions of these proteins. Sequence similarity in the C-terminal region is extremely low among all the sequences. The significance of the alignments for this region is questionable, since many gaps must be introduced to produce an optimal alignment. Figure 4 compares the Kyte-Doolittle hydrophilicity-hydrophobicity plots for the NdhF proteins of Synechococcus sp. strain PCC 7002, liverwort chloroplasts, and bovine mitochondria. As shown in Fig. 4 amino acids). These observations are consistent with the observation that the structure of the bovine mitochondrial enzyme appears to be quite different from those of chloroplasts, cyanobacteria, and other procaryotes (53) .
Northern blot hybridization and primer extension mapping. Total RNA from exponentially growing Synechococcus sp. strain PCC 7002 PR6000 cells was isolated, separated on formaldehyde-agarose gels by electrophoresis, and transferred onto a nylon membrane filter. This Northern blot was hybridized with a radiolabeled probe fragment corresponding to the 1.65-kbp HindIII-HincII fragment encoding the 5' portion of the ndhF gene (Fig. 1) F TYKPSNYP-VKTAI YAFI  IPTMMFIH ---Q LIISNW-H LTIQTLK SLSFKM YF --110  120  130  140  150  160  170  180  190  200 NT ALQ ILY I   210  220  230  240  250  260  270  280  290  300 DFGLLLGMLGLYWATGSFEFDLMGDRLMDLVSTGQISSLLAIVFA--VLVFL---GPVAKSAQFPLHVWLPDAMEGPTPISALIHAATMVAAGVFLVARM YPVFEPIPEAMNVIAWTGATTAFLGATIALTQNDIKKGLAYSTMSQLGYMVMAMGI-GGYTAGLFHLMTHAYFKAMLFLGSGSVIHGMEEVVGHNAVLAQ (40), tobacco chloroplasts (48), P. denitrificans (58) , N. crassa mitochondria (37) , and bovine mitochondria (2) . Only amino acids which differ from those found for Synechococcus sp. strain PCC 7002 are shown for the compared sequences. Dashes indicate insertions or deletions introduced to maximize the sequence identity. approximately 2,300 nucleotides was found to hybridize to the probe (Fig. 5A) ; this suggests that the ndhF gene constitutes a monocistronic transcriptional unit. To determine the 5' endpoint of this transcript, primer extension mapping, using an oligonucleotide of 23 bases (5' CCATG CATATTGATAAAGCGGTT 3', corresponding to the complement of nucleotides 737 to 759 shown in Fig. 2 ) as the primer, was performed. The primer extension products were electrophoresed alongside a DNA sequencing ladder, and the results are shown in Fig. 5B . Three major primer extension products were detected at positions corresponding to 259, 172, and 170 nucleotides upstream from the translational start codon for the ndhF gene. The sequence upstream from the -259 endpoint contains a motif (5' TT1lAGA-16 bp-TAGAAC 3') which resembles that found for several other cyanobacterial promoters, such as that for the psbA2 gene of Synechococcus sp. strain PCC 7942 (5' TITACA-17 bp-TAGA1T 3' [19] ). No sequences resembling those for other cyanobacterial promoters were detected adjacent to the endpoints mapped at -170 and -172. Since only a single transcript species was detected in the Northern hybridization experiment whose results are shown in Fig. 5A , it is likely that the -259 endpoint corresponds to the major transcriptional initiation site for the ndhF gene. It may be that the primer extension products corresponding to the endpoints at -170 and -172 are due to a secondary structure(s) in the RNA that causes the reverse transcriptase to terminate the extension reaction prematurely in this region. quently occurred in this region with the Sequenase enzyme during DNA sequencing is consistent with this notion. Mutagenesis of the ndhF gene. To learn more about the role of the NADH dehydrogenase in electron transport pathways in cyanobacteria, interposon mutagenesis of the ndhF gene was undertaken. A unique PstI restriction site in plasmid pWS1 (Fig. 1) was used to introduce a 1.32-kbp DNA fragment encoding the aphII gene of TnS within the 5' portion of the ndhF gene. The fragment was introduced into the PstI site so that the aphII gene is transcribed in the direction opposite that of the ndhF gene (Fig. 1) . The resultant 5.8-kbp EcoRI-HindIII fragment from this construction was purified by agarose gel electrophoresis and used to transform photoautotrophically grown Synechococcus sp. strain PCC 7002 PR6000 cells. Kanamycin-resistant colonies were selected and streaked four times to allow segregation of alleles to occur.
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Southern hybridization analyses were performed with chromosomal DNAs purified from three independently isolated clones and from the wild type (data not shown). The Southern blots were probed with either the 1.65-kbp HindIII-HincII fragment (Fig. 1) containing the 5' portion of the ndhF gene or a 1.32-kbp fragment encoding the aphII gene of TnS. For each transformant strain, an 8.2-kbp EcoRI fragment and a 5.8-kbp HindIII-EcoRI fragment hybridized to the probe. In contrast, for the wild-type strain PR6000, a 6.8-kbp EcoRI fragment and a 4.5-kbp HindIII-EcoRI fragment hybridized to the probe. The 1.3-kbp increase in the size of the fragments from the three transformant strains is due to an aphII gene inserted in the PstI site within the ndhF coding sequence, which was as expected (Fig. 1) . This conclusion was supported by additional hybridization experiments that showed the presence of the aphII sequences only in fragments of the appropriate and predicted sizes for the transformants. No hybridization to fragments of sizes identical to those in the wild-type strain could be observed in the mutants. The hybridization results establish that the ndhF gene is a single-copy gene in Synechococcus sp. strain PCC 7002 and that this gene is not required for photoautotrophic growth, since complete segregation of the mutant and wildtype alleles had occurred during photoautotrophic growth. One of the three transformants was chosen for further study and was designated strain PR6300.
Phenotypic characterization of the ndhF mutant strain PR6300. Table 1 shows the doubling times for the wild-type strain PR6000 and the ndhF mutant strain PR6300 under a variety of growth and light conditions. At high light intensity (265 ,uE m-2 so1) under photoautotrophic conditions, the two strains have identical growth rates. However, as the light intensity for growth is decreased, the doubling time for the mutant becomes significantly longer than that for the wild type and is approximately 50% greater than that for the wild-type strain at 20 ,uE m-2 sol. Under mixotrophic conditions (10 mM glycerol added), the doubling times for the wild type at all light intensities are shortened by about 30%; the effect of glycerol addition on the growth rates of strain PR6300 is lesser. Under photoheterotrophic conditions [10 mM glycerol plus 10 jiM 3-(3,4-dichlorophenyl)-1,1-dimethylurea], conditions under which virtually all photosystem II activity is inhibited, the wild type grows with a doubling time of 20 h at high light intensity but strain PR6300 does not grow at all. Finally, to examine whether the ndhF mutation had any effect on the ability of this strain to concentrate and fix carbon dioxide (38, 39) , we compared the growth rates of the wild-type and mutant strains (with equal starting concentrations of cells) at high light intensity but with air levels of carbon dioxide (0.03%). Strains PR6000 and PR6300 had identical doubling times (30 h) under these conditions. Table 2 shows oxygen evolution and oxygen uptake rate data for the wild-type and ndhF mutant strains. The oxygen evolution rates for the PR6000 and PR6300 strains were quite similar: 360 and 320 ,umol of 02 evolved mg of Chl-1 h-1, respectively. When cells were incubated with glycerol for 40 min in the dark before oxygen evolution was measured, the wild type showed a much lower evolution rate (175 punmol of 02 evolved mg of Chl1 h1), while the evolution rate for the ndhF mutant was virtually identical to that measured in the absence of glycerol. For the PR6000 strain, the rate of oxygen uptake in the dark was enhanced about 2.5-fold to 20 ,umol of 02mg of Chl-1 h-1 by glycerol addition. 
